This paper aims to develop a novel voltage stability index (NVSI) to evaluate and detect the voltage collapse proximity in the power system. This NVSI is based on the combination of two indices and the approximation made on the difference in angle between the sending bus and the receiving one in the power system. Compared to indices developed in the literature, the advantage of the new voltage stability index (NVSI) is that it can be computed very quickly and easily from power flow results, such as voltages, magnitudes and angles.
INTRODUCTION
Nowadays, power grid failure has become one of the problems that operators and electric managers mostly face as it has enormous economic costs and social impacts [1] . Indeed, despite considerable efforts and equipment installed to control the power system, several blackouts have been recorded in the world [2] [3] , which claim that the tools used by operators are still less efficient and the fragile area in the power system is still not well located and therefore unreinforced. Voltage instability, which has attracted the attention of several researchers in power systems, has presented the major causes of grid failure and subsequently blackouts in recent decades [4] [5] . The analysis of this phenomenon was then mandatory in order to provide solutions. It was conducted by using a static approach, where voltage stability is evaluated after contingencies without studying the transients during the change from an operating state to another, or a dynamic analysis, where power system behavior is evaluated and the transient analysis is taken into account. In so doing, several methods have been proposed, such as the traditional P-V and Q-V curves, the principle of which is based on load variation at one bus of the power system at time [6] , which requires more time to be performed. Modal analysis was studied by Gao B et al. [7] to estimate the voltage collapse proximity. This method comes from Jacobian matrix singularity at the voltage collapse point, where the eigenvalues of the reduced Jacobian matrix give an idea of the voltage stable state of the system. This method is far from being used for the practical case as it does not depend directly on system parameters such as impedances, voltage magnitudes or angles. Other useful methods were also introduced in the literature, such as neural networks [8] [9] , the bifurcation theory energy function [10] , etc. However, they have certain disadvantages such as sensitivity to any variation in the network and time for analysis. Some indices linked to a bus or a line were also designed and assessed in voltage stability monitoring. V/V0 is a simple index that can be used, where V is the voltage magnitude in the state of power system operation and V0 is obtained by solving the power flow with no load connected. A disadvantage of this method is that it is unable to predict the voltage stability margin [11] .
Therefore, Moghavvemi et al. [12] have proposed an efficient index called Lmn. This index is sensitive to reactive power change. However, it remains insensitive to real power variation. The fast voltage stability index (FVSI) developed by Musirin et al. [13] is derived from the Lmn index by neglecting the voltage angle between the sending and the receiving buses. The line stability index (LQP) proposed by Mohamed et al. [14] is used to predict voltage instability, but it does not take into account real losses in the transmission line. This assumption leads to a poor prediction of network instability. The line stability indices NLSI, changed to NLSI2 to avoid confusion, suggested by Yazdanpanah-Goharrizi et al. [15] and VSI proposed by Chattopadhyay et al. [16] , are used for power system monitoring. However, by neglecting angle parameters, simplification employed in these papers affects index accuracy. To address this issue, a combination of indices was proposed by Samuel et al. [17] to develop a line voltage stability index (NLSI1), by taking into account the angle difference parameter. However, this index seems to be complicated as it depends on physical parameters of the electric grid. So any integration of new equipment into the network has to be considered again in the computation such as the installation of the flexible alternating current transmission system (FACTS). For this index, the effect of real power is not considered, which is far from real operating conditions. All assumptions employed for developing voltage stability indices were used to simplify the computation process and the implementation in the real power system control. Nevertheless, the accuracy of indices was affected and consequently, monitoring of the electric power system has become less effective. Indeed, the power grid can reach its instability zone before the index is in its critical value. Therefore, designing an effective index remains a challenge. This paper proposes a novel voltage stability index (NVSI) by combining two existing voltage stability indices, i.e., the L index proposed by Rahman et al. [18] and the Lp index introduced by Sahari et al. [19] . The novel index is not only more accurate, but also easily calculated from the results of the load flow program or practically from phasor measurement units (PMU) measurements in real time [20] [21] [22] . Its integration into the energy management system (EMS) will be very useful and make it possible to better predict critical situations and the stability margin in the power system. To show the effectiveness of the proposed index, an assessment and discussions will be done using PSAT software which is a MATLAB toolbox for electric power system analysis [23] .
THEORETICAL BACKGROUND

DEVElOPMENt Of A NOVEl VOltAgE StAbIlIty INDEx
In general, the voltage stability index is formulated from the characteristics of the voltage collapse point. A single line diagram of the transmission line is shown in Figure 1 (1) A negative value of the discriminant ensures that the V j expression has no real value, so it must be greater than or equal to zero:
(2) Equation (2) is written as:
(3) hence we have:
(4) and (5)
To ensure voltage stability, L must be less than unity.
If we consider that the angle voltage difference is very small ( cos( ) 1 δ = ), then L can be simplified according to the following expression [19] :
This index seems to be more simplified as it depends only on voltage magnitude which can considerably reduce the computation time and the memory allocated for variables or for the computation algorithm. The suitability of this index will also be relevant in dynamic analysis. However, the considered simplification should not be applied under any load condition. The angle difference is one of the parameters that can lead to instability of the power system. It becomes more important when it is near to the stability limit [17] . Moreover, this justifies the use of angle as a voltage stability margin predictor [24] .
Shortly, despite the simplicity of the Lp index, it will remain insufficient, especially in large loads. At voltage collapse it must be equal to 1 and any other different value will not qualify this index as a reliable one. For this reason, the novel voltage stability index (NVSI) will be expressed as follows:
since the simplification made to migrate from L to Lp is based on the approximation taken on the angle gap. The threshold angle Threshold δ will be taken when cos( ) δ is assumed to be equal to 1 (the case of low loads).
The computation of the NVSI can be calculated by using two steps for each PQ bus, like the L index [18] [25], as follows:
Step 1: Load flow solutions are used to determine voltage magnitude V j and angle δ j of the power system at a given load condition.
Step 2: V i and δ i are obtained by the load flow of the power system after removing the load at the concerned bus.
INDEx PArAMEtEr DEtErMINAtION
Case study
A single line diagram of the IEEE 14-bus standard system is shown in Figure 2 . It represents a simple approximation of a portion of the American electric power system. Basically, it has 14 buses, 20 interconnected branches, 5 generators, 3 transformers and 9 load bus bars.
Index parameter
For each node of the network, the apparent load is increased by an apparent load factor (the power factor is maintained constant). Three PQ buses were randomly chosen to be assessed, i.e., bus 10, bus 13, and bus 14.
The following graph ( Figure 3) shows index evolution for any multiplication of apparent power of the concerned bus by the load factor. Figure 3 , all indices vary in the same direction as a function of the apparent load factor. Compared to others, they evolve rapidly in bus 14, which proves the sensitivity of this area and its loadability limits in the power system under study. It can also be noted that as we get closer to the critical point where the indices approach the unity, voltage magnitudes decrease and the angle gap δ becomes more important. Figures 4 and 5 confirm this observation with respect to the angle. As shown in these figures, the simplification made on the angles will be invalid when a high load is applied and remains valid for low loads.
Based on simulation results (figures 3, 4, and 5), for any low load, the angle gap is very small. Then, the original index (L) can be simplified and replaced by the derived one (Lp), which will simplify the calculation procedure. Indeed, the index will be calculated only from voltage magnitudes.
On the other hand, if the apparent load increases in the concerned bus, an increase in the angle gap between the sending and receiving buses will be observed. This is the result of the increase in the real power flowing through the equivalent line. For this scenario, the angle difference becomes more significant. Therefore, it will be included when calculating the index. Otherwise, index accuracy will be affected.
We focus on the critical bus 14 and the base case where the apparent load factor is equal to the unity. The angle gap between the sending and receiving buses is equal to δ=2.72 deg. It will be considered as the threshold from where Lp has to be replaced by L. For this case, L14 and Lp14 are equal to 0.0922 and 0.0879, respectively.
If we consider the latest results, we can use the proposed NVSI index to assess voltage stability at bus 14. Figure 6 represents a variation of this index according to the variation of the apparent load at same bus. Until the base case, NVSI is equivalent to Lp, then it takes the values of L. The NVSI index can also be plotted against L and Lp (Figure 7) . fig. 7 . L, Lp, and NVSI at bus 14 vs apparent load factor It can be seen from Figure 7 that the indices are almost identical for low loads, while at high load, Lp does not correctly predict a degree of voltage stability. For this case, NVSI is identical to L.
SIMULATION AND RESULTS
INDEx rEfOrMulAtION AND COMPArISON
In order to make a comparison with some indices already reported in the literature, first we need to reformulate them in order to have the same dimensions. It means that for a line index, it can become a bus index by using the reduced local network as shown in Figure 8 .
fig. 8. (a) Power system seen from bus j (b) Reduced equivalent network
In the reduced network, the equivalent voltage as seen by the node can be computed by the following formulas:
The equivalent impedance can be expressed as:
To avoid confusion with the original index formula, we added an "r" index following the use of the reduced network.
Table 1 summarizes 6 index formulas and their critical values for the reduced network. For the NLSI1 index, the value of the switching angle considered by Samuel et al. [17] is equal to 1.422 deg. In this paper, using a comparative approach, the value that can be taken is similar to the one used for the proposed index (δ Threshold =2.72 deg). Based on index reformulation given in Table 1 , the first comparison can be performed using the number of inputs of each index, as summarized in Table 2 . Table 2 that the voltage stability index developed in this paper has 3 types of inputs. However, it should be noted that depending on the value of ''α'' , NVSI becomes L with two inputs or Lp with one kind of inputs (voltage magnitude).
rEAl lOAD INCrEASE
One of the current problems is to succeed in predicting voltage instability following an increase in real load in the power system.
In order to assess the performance of the proposed index for an increase in real power with respect to others, real power is changed in bus 14. It is increased by the real load factor until load flow does not converge (equation 12).
(11) (12) where P0 is real load power at bus 14 in the base case.
As shown in Figure 9 , when real power increases in bus 14, the voltage of the concerned bus decreases and the power system is running to a state of voltage instability which causes voltage collapse. On the other hand, NVSI shows more sensitivity when compared to real load variation. fig. 9 . Indices at bus 14 vs real power variation Figure 9 confirms that the indices do not have the same rate of change. To further clarify these points, analysis of the stability margin is discussed below.
SPECIfIC lOAD AND VOltAgE StAbIlIty MArgIN PrEDICtION
Based on the results presented in Figure 9 , the values of each index and the stability margin for three cases depending on the load value at node 14 are given in Table 3 .
The stability margin is obtained when the load flow does not converge. This method is considered as one of the most accurate ones for a voltage stability margin assessment. Table 3 shows that all indices take a very stable values in case 1 and case 2 (base case). However, FVSIr, Lmnr, NLSI1r, VSIr are less sensitive when moving from case 1 to case 2, even if the stability margin is reduced from 0.94 pu to 0.87 pu. The worst is observed when the stability limit is reached (case 3). In this case, it can be noticed that the same indices (FVSIr, Lmnr, NLSI1r, VSIr) remain practically unchanged, which is also shown in Figure 9 . It can also be observed that some indices are still far from 1, which normally corresponds to the stability limit already presented in Table 1 . This is unacceptable because it indicates that the instability zone is still far away, which is not true. The same remark is made on the Lp index at the stability limit. On the other hand, NVSI allows better monitoring of all these load variations and it can even be remarked that NVSI as well as L in large loads allow to predict the stability limit correctly.
DyNAMIC ANAlySIS (lOAD VArIAtION)
It takes a long time to complete and perform dynamic analysis. For this reason, the proposed index can be very useful as a powerful and economical tool for monitoring the power system. However, it must be evaluated and compared to other indices. To do this, we used temporal analysis involving dynamic components of the IEEE 14-bus network, as shown in Fig. 10 .
Load variation is considered as a disturbance and it is applied after each stabilization of the voltage in bus 14.
The load is changed after each time interval, as shown in Figure 11 . As a reference, real and reactive loads at bus 14 are set to 0.149 pu and 0.05 pu, respectively. For the proposed index in this contribution, we plot the angle gap variation in Figure 13 . This will allow us to view the switching angle fixed in our case to 2.72 deg. At time 0 s, no load is connected to bus 14 and all indices remain at zero level. At t=10 s, to bus 14 we applied the reference value of reactive power and half of the reference value of active power. We observe that the magnitude voltage decreases and all indices increase and seem sensitive to this disturbance. At t=20 s, when we used half of the reference values of reactive and active powers as load, all indices decrease and the voltage amplitude increases. For the time interval between 30 and 40 s, an increase in active power on bus 14 by 200% leads to voltage drop across the power system.
Compared to other indices examined in this paper, NVSI and NLSI2r indices seem to be more sensitive to the applied disturbances. At t = 40 s, the reactive load was increased by 200%, while keeping the value of active power at its reference value. NVSI is equivalent to the voltage stability index Lp and has high sensitivity to the variation of the load and voltage magnitude. At the time of 50 s, the values of active and reactive powers were increased by 200% on bus 14.
This disturbance leads to a decrease in the voltage amplitude and to an increase in the NVSI index which is equivalent to the L index since the angle difference is large, as shown in Figure 13 . Similarly, the NLSI2r index has a sensitivity level that is acceptable but less than the sensitivity level of the new NVSI developed in this paper. The application at 70 s of a heavy real load fixed at 0.96 pu in bus node 14 leads to a sharp drop in voltage and a sharp increase in the new NVSI index compared to other indices showing a small or negligible variation with respect to the perturbation applied. At 90 s, the values of active and reactive powers were fixed 0.149 pu and at 0.5 pu, respectively. This disturbance leads to the voltage drop at node 14 and to an increase in the value of all indices tested in this paper. From this analysis, we conclude that the new index developed is very sensitive to different loads applied to bus node 14 and remains to be the best one compared to indices examined.
CONCLUSION
In this paper, we have proposed a novel index (NVSI) for analyzing voltage stability in a power system. It is derived from a combination of two indices defined in the literature and offers various advantages such as simplicity, accuracy and sensitivity.
Static and dynamic analyses have been conducted on the IEEE 14-bus test system and the switching angle has been specified to change the proposed index from one value to another. The new index has also proved more sensitivity to a disturbance for any kind of change in active and reactive loads. It could be then considered as an alternative to monitoring and predicting voltage collapse proximity.
The proposed index can be easily incorporated as an advanced function with the energy management system (EMS) and used with load shedding schemes. However, future studies should take into account the size of a power system. [4] J. G. Calderón-Guizar, E. A. Tovar-González, "Impact on generator reactive power limits on a static volt-
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The NVSI index will be replaced by the Lp index when the angle is less than the critical value, whereas in the opposite case, the NVSI index will be replaced by the L index.
